This article presents the results of laboratory tests involving the measurement of cutting forces during the orthogonal turning of a tube made of GRADE 2 titanium alloy. The nominal diameter of the turned tube was D = 60 mm, and its wall thickness was 2.77 mm. For research purposes, a Kennametal chisel with an insert marked A3G0500M05P04DF and a holder marked A3SAR2520M0425-075-100 was used. An experimental research plan for variable cutting parameters (f, v c ) was developed according to the Taguchi method and statistical analysis of the results was performed using an ANOVA. Three series of tests were performed, one for each of the three different values of tube wall thickness (a p = 2.77, 1.77, 0.5 mm). In accordance with the prepared test plan, nine trials were conducted within each series. Cutting forces were measured during each test with the use of a 3-axis Kisler 9257B piezoelectric dynamometer. DynoWare computer software was used for the archiving and analysis of measurement results.
Introduction
A properly conducted cutting process should guarantee high product quality and adequate tool durability [2] [3] [4] [5] . Ensuring such a process requires the correct identification of the cutting zone status [1, 6] . The machining process is characterised by the following basic physical phenomena: large plastic deformations in the zone of concentrated tangential stresses; the movement of some of the workpiece material in the form of chips along the rake surface of the tool under conditions of varying mechanical and thermal stress; moving of some of the workpiece material along the flank surface of the tool, thus forming a machined surface [8, 9] . Proper analysis of the cutting zone performed in the design phase and during the selection of cutting tools is an important factor in order to select the best possible material configuration between the tool and the workpiece, and to determine the most appropriate tool stereometry [2, 3, 5, 8] . Experimental methods and methods based on theoretical models are used in the analysis of the machining zone [7] . Regardless of the choice of method, it is necessary to have knowledge about the phenomena that occur during the process of machining. Indicators coming from the cutting zone, such as the values of the cutting forces, the level of acoustic emission, thermal radiation and vibrations should be identified. On basis of these values, it is possible to control the cutting parameters [1, 9] .
Conducted research
The laboratory stand was assembled with a set of measuring instruments used to record the components of the total cutting force. The arrangement of these instruments is presented in Fig. 1 The cutting forces were recorded with a frequency of 1000 Hz. Such a measurement path enabled measurements of the components of the total cutting force with the following levels of inaccuracy: F f (feed force) ±0.25 N and F c (tangential force) ±1 N. Tool position in relation to the workpiece is presented in Fig. 2 . 1. single-position tool holder with the insert installed, 2. a tube made of GRADE 2 titanium, diameter D = 60 mm, 3. a dynamometer mounted on the lathe slide. A Kennametal chisel with an insert marked A3G0500M05P04DF and a holder marked A3SAR2520M0425-075-100 were used for the tests. The insert was made of KC5010 carbide with TiAlN coating. No coolant was used during the turning process. A photograph of the tool and 3D views of its face are shown below in Fig. 3 . The presented 3D views were created by arranging successive 2D photos taken with the Keyence VHX-600 laboratory microscope. The face of the insert has a chip breaker and is characterised by a complex, symmetrical geometry. Geometrical dimensions of the A3G0500M05P04DF insert are shown in Table 1 . On the basis of preliminary tests performed for the depth (width) of cutting a p = 2.77 mm, a characteristic forms of the internal side of the chip associated with different velocities of its runoff on the tool face were observed ( Fig. 4) . Areas A and B were measured and determined on the chip and on the face of the insert. The widths of areas A on the rake face were 0.5 mm, while the width of area B was 1.77 mm. The workpiece was a tube made of GRADE 2 titanium alloy, diameter D = 60 mm. The chemical composition of the GRADE 2 titanium alloy, in accordance with the EN 10204-3.1 standard, is presented in Table 2 . Some properties of GRADE 2 titanium alloy are presented in Table 3 . 
Findings
Three series of tests were performed for three different values of pipe wall thickness (a p = 2,77; 1,77; 0,5 mm). A research plan was generated using the Taguchi method. In accordance with the prepared test plan, nine trials were conducted within each series.
Parameters f and v c were adopted as independent variables A and B, respectively. Ranges of variation of cutting parameters were determined on the basis of catalogue data. Table 4 presents assumed values of the cutting parameters. The parameter values for the individual trials are given in the table below (Table 5 ). At the stage of statistical analysis of the results, the S/N ratio was determined, the smallerthe-better criterion was adopted. According to Taguchi, this type of coefficient is used when it is appropriate to minimise some of the undesirable features of the product. The S/N ratio was calculated from the formula:
In accordance with the adopted test plan, the components of the total cutting force were measured. The influence of the variable cutting parameters (f and v c ) on the values of the total cutting force components (i.e., feed F f and tangential F c ) was analysed. Tables 6, 9 Equations F f (f, v c ) and F c (f, v c ) for a p = 2.77 mm are described below as Equations 2-3, respectively: Equations F f (f, v c ) and F c (f, v c ) for a p = 1.77 mm are described below as Equations 4-5, respectively: Fig. 9 . The influence of the cutting data on the values of the cutting force components F f , a p = 0.5 mm
Conclusions
During the preliminary laboratory tests, the orthogonal turning of a tube made of GRADE 2 titanium alloy was performed. The nominal tube diameter was D = 60 mm and its wall thickness was 2.77 mm. The length of the cutting edge of the insert was 5 mm. The insert had a symmetrical chip breaker on the rake face. By analysing the internal shape of the obtained chips, three work areas of the chip breaker were defined: two symmetrically distributed areas, marked in the article in Fig. 4 as A, with a width of 0.5 mm; and the area marked as B, with a width of 1.77 mm. As part of the basic research, three series of orthogonal turning tests were performed. In two series, where the wall thickness of the pipe was 2.77 and 1.77 mm the workpiece was in contact with the central part of the plate (area B), while for the wall thickness of 0.5 mm with the area marked as A. Each series consisted of nine runs in which the independent variables were f and v c . Two components of the cutting force were obtained for each series -the feed component were obtained for the largest cutting depth a p = 2.77, then 1.77 and 0.5 mm. The obtained dependencies will be used in further work to analyse the heat stream partition on the rake face of the insert.
